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SUMMARY

Flame propagation limits of propane and n-pentane in oxides of
nitrogen were obtained at subatmospheric pressures in a 2-inch-diameter
by 48-inch-length tube. Three oxidants were investigated, namely, nitric
oxide NO, nitrogen tetroxide NpO4, and a nearly equimolar mixture of

these two oxides.

Flames propagated through all the fuel-oxidant mixtures with the
limits occurring at equivalence ratios of roughly 1/3 end 3.

The minimum propagation pressure of the fuel-NO mixtures in the 2-
inch-diameter tube was appreclably grester than that of the fuel—N204

mixtures. The limits of the nitrogen oxides with propsne at 1 atmosphere
were narrower on & stoichlometric basis than for equivalent propane mix-
tures with molecular oxygen and nitrogen, interpolated from published
data.

Estimated flame temperatures at the lean limit were appreciably lower
for the N204 and the NO-N204 mixtures than for the NO mixtures and were

gbout the same as lean-limit temperatures of fuel-air mixtures. In gen-
eral, the deta attest to the relative chemical stability of NO in the hy-
drocarbon flames.

INTRODUCTION

From the practical standpoint, the engineer should know flame propa-
gation limits in order to design combustors and specify pressures, com-
positions, and temperatures in which a glven gaseous fuel-oxidant combi-
nation will burn. He can also use the data to design against unwanted
burning or explosions. From the theoretical standpoint, flame propaga-
tion limits are important because they can be correlated with other com-
bustion parsmeters and thus aid in the fundamentel understanding of
combustion (e.g., ref. 1).

.
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In the rocket field, there is a need for fuel-oxidant conbinations
which can be stored and are cheap. A good answer is hydrocarbon fuels
from petroleum and oxidants derived from nitric oxide NO. The oxidants,
nitrogen tetroxide N50,, mixtures of N,0, and NO, and fuming nitric acids

that may contain excess N3Oy are of interest. Since rockets may have to

start at high altitudes, data on rocket propellents should include flame
propagation limits at low pressures.

The great mass of existing combustion work has been in atmospheres
of air, Less work has been done with undiluted oxygen and still less
with oxidizing atmospheres that contain no free oxygen. Flame-speed de-
terminations and spectrographic studies have recently been made of several
fuels burning in atmospheres of nitrous oxide N,0, nitric oxide NO, nitro-
gen tetroxide N5Oy, and nitric acid vepor (refs. 2 and 3); flammebility
limit data (reviewed in ref. 4) have been obtained with various low mole-
cular weight fuels in Ny0 and NO, usually in tubes of small diameter. The

limits at a pressure of 1 atmosphere, for propane-NoQO4s-air are also avail-
gble (ref. 5).

. These data for the most part, however, do not cover rocket propel-~
lants. A study of flame propagation limits of hydrocarbons with NO, NpOg,

and NO—N204}ét subatmospheric pressures would fill an engineering need,

and it would also extend basic combustion data to a little-explored class
of fuel-oxidant mixtures. Therefore, the, flame propagation limits of
several gaseous hydrocarbon - nitrogen oxide mixtures were studied at i..e
NACA Lewis laboratory, and the resulits are reported herein.

The experiments were conducted in a standard apparatus (ref. 4), ex-
cept that the tube was closed at the lower end to permit determinatione
at low pressures as in references 6 to 8. In some cases, motlon pictures
and rapid-response pressure records were also made.

Two types of information are obtained with this apparatus. At pres-
sures near gtmospheric, the composition limits approach physical-chemical
constants independent of apparatus. At lower pressures, the limits are
dependent upon tube diameter. The dismeter is simply related to parallel-
Pplate quenching distance. For several hydrocarbon-oxygen-nitrogen mix-
tures, the limiting pressure at constant composition is nearly inversely
proportional to the tube diameter or the parallel-plate quenching distance
(refs. 1, 9, and 10). - Since a constant tube diemeter was used in the
present work, a similar dependence of limiting pressure on tube diameter
mist be assumed if the data at lower pressures are to be appllied to other

equipment.
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PROCEDURE

Apparatus. - The apperatus (fig. 1) consisted of a vertical flame
tube Zz-in. I.D. by 48-in. length) and the equipment necessary to prepsre
and store a mixture of the gases. The apparatus was pyrex glass through-
out. The ground-glass seals and bearings were lubricated with halocarbon
greasge. Mixtures were prepared in a 50-liter flask with a glass stirrer
revolved by an electrically driven pantograph-type linksge; a ball-and-
socket joint served as a bearing and seal for the stifrer. A mercury
manometer was used to measure the pressure of the geses in the reservoir
during mixture preparation and in the flame tube during propagation ex-
periments. The design of the manometer permitted frequent cleaning of
the mercury well, since mercury is attacked by NoOy. A l-liter-gas

burette was provided for the measurement of small increments of propane.
The displacement fluid in the burette was g 50 percent by weight solution
of sodium hydroxide (x’rapor pressure, = 1 m). The propane passed through
a drying tower of anhydrous calcium sulfate between the burette and the
reservoir. A specially constructed flask was used for drying, welghing,
and transfering liquid N,04. The gas reservoir and the mixing and meas-

uring equipment were all contained in an insulated box. For exploslion
protection, two of the sides and the top and the bottom of the box were
made of steel plate. The menometer and the gas burette were read through
a thick, laminsted glass window. The flame tube was mounted behind a
laminated glass window in a ventilated cebinet closed with a clear plastic
door. The tube was surrounded by two annular air Jackets. Temperatures
were measured by three mercury thermomsters placed next to the tube in-
gide the inmer Jacket. The spread In the three tempsratures was usually
less than 2° C.

The ignition source was a 25,000-volt, 60-cycle spark at the bottom
of the tube between pointed electrodes of 1l.5-millimeter-diameter stain-
less steel wire. With propane in air and propane in nitric oxide, = 3/4-
inch gap was used. In all subsequent experiments, & 5/8-inch gap was
used, because the 3/4—inch gap was too large st the higher pressures for
a 25,000-volt discharge through mixtures containing large amounts of N504.

The power input to the spark transformer varied from 275 to 330 watts;
the power increased as the pressure Increased In the tube.

Some auxiliary equipment was also used. Motion pictures were made
directly from the light of the flames at 24 frames per second using a
16-millimeter camera. The pressure, from a strain-gage pickup register-
ing on a cathode~ray oscilloscope, was recorded with a strip-film camera.
The cameras were driven electrically through a time-delay switch.

Fuels and oxidants. -~ The fuels and oxidants were purchased from com-
mercial sources. The specified purities of the propane and p-pentane were
99.9 and 99 percent, respectively. A laboratory determination of the N0,
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gas, as it issued from the weighing bottle containing phosphorus pent-
oxide, P505, was substantially 100 percent pure. Colormetric comparisons

of the NO gas showed it contained less than 1 percent by weight NoOy43
this was not included in the composition calculations.

Preparation of mixtures. -~ The first mixture of each series was pre-
pered by admitting to the reservoir, in this order, fuel, NO, and Np0O4,
as required. The pressures and temperabures were recorded after the mix-
ing process. As a secondary check, the Np0, (dried over PZOS) vas
welghed. Before egch mixture preparation, the reservolr was evacuated
and flushed with fuel.

Subsequent mixtures in a series were made by either adding more
oxidant or more fuel, depending on which was most convenient and accu-
rate. The propane and n-pentane with NO and the propane with N50y mix-

tures were varied by adding more of the oxidant. Mixtures of either
hydrocarbon with NO-N504 and n-pentene with N,04 were changed by adding

more of the hydrocarbon. Increments of propane were admitted as gas;
when the increments were small .they were measured directly with the gas
burette. Increments of n-pentane were admitted as a liquid through =
pressure-lock system; the volume of the liquid was measured.

The primary megsurements used in the calculagtion of the mixture com-
positions were the pressures read from the mercury manometer except when
the hydrocarbon increments were measured directly either as gas or liquid.

Calculation of mixture composltion. - The hydrocarbon-NO mixtures
were calculated directly from the partial pressures assuming ideal gas
behavior. In mixtures containing N,04, however, a Newton-Raphson itera-

tion procedure (e.g., ref. 11) was used. Data used in these computetions
were (1) partial pressure and temperature of the fuel and NO (wher: used),
(2) equilibrium pressure and temperature after No04 was added, and (3)

equilibrium constants for N0, 2 2 NO, (ref. 12) and NO + NO, & N0

(ref. 13). Pressures were measured directly in the first mixture of each
serles and calculated in subsequent mixtures. The accuracy of the nomi-
nal mixture composition (other than the initial mixture) depends not only
upon the precision of the pressure measurements and the closeness with
which the gases follow the ideal gas laws but also on the number of
additions in a given series and (in mixtures containing N204) the accu-
racy of the eguilibrium data.

The equilibriums are the largest source of uncertainty. Although
the dissociation Ny0y 2 2 N0, has been studied over many yeers, complete

agreement was not found in the literature. In order to help in the
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selection of suitaeble constants, some experimental constants were calcu-
lated from the date of these experiments. The trend was intermediste
between the constants of references 12 and 14. The data of reference 12
were selected primarily for the sake of consistency with other experimen-
tal work. The constants for the formation of NyOz (ref. 13) and the vol-
ume limits of propane-No0y ~air (ref. 5) are based on the constants of

reference 12. The calculated volume compositions presented herein thus
show a little more NO, than would be obtained from the equilibrium con-

stants of reference 14. The fuel composition would be less affected.

The fuel composition is further estsblished near the composition limits
because here new mixtures were usually prepared and the fuel pressure was
measured directly.

Determination of limits. - The tube was first evacuated and purged
with the mixture and then the mixture was admitted to the desired pres-
sure. The camersas were started, the spark was fired, and the flame be-
havior was observed. The pressure after the sparking was also noted.
This procedure was repeated until at least two "yes™ and two "no" initial
Pressures were obtained with an accepteble minimim separation of 10 per-
cent or less; "yes" indicates propagation through the full length of tube.
The "limit" is a midpoint pressure between the "yes” and the "no". There
are several cases where the devigtions were larger than the measurement
precision. At the high pressure near the composition limits, precision
wes sometimes sacrificed because the reservoir pressure was depleted
rapidly. These larger deviations were acceptable, however, because near
the composition 1imits the pressure limit changes rapidly. For every
numerical pressure limit reported, the "yes™ and the "no"™ pressures are
also given; thus the precision of each determination can be easily
established.

Evaluation of apparatus. - An over-gll evaluation of the apparatus
was made using propane-air (moisture and carbon dioxide free) mixtures;
the results are shown in figure 2. In this figure, the results from this
apparatus are compared with those obtained for the sams fuel-oxidant com-~
binatlon by other operators with other equipment. The agreement is accept-
able, The lean limlts are perhaps a little on the rich side, but at stoi-
chiometric the pressure 1limlt is lower. The rich limit i1s somewhat higher
near atmospheric pressure than the earlier data compiled in referencse 4.

RESULTS AND DISCUSSION
Limits of Flame Propagation
The limits of flame propsgation of propane and n-pentane in oxides

of nitrogen at varlous subatmospheric pressures are shown in tables I to
IIT and the results are further compared in figures 3 to 5.
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Pressure limit as function of percent by weight of fuel. - Propage-
tlon pressure limits for the six fuel-oxidant conmbinations are shown in
figure 3 plotted as a function of percent by weight of fuel. The expected
roughly U-shaped curves were obtained. The region of flame propagation for
each combination is within the "U" of the respective curve. The presence
of lobes on the curve was less apparent for the hydrocarbon-NO mixtures
than for the mixtures conteining Np,O4. On the basis of percent by weight,
the 1limits -for NO are more lean than those for NoO4. The lean limits for
the fuels with NO-NpO4 are nearly coincident with those with N5O4; the

rich 1limits are intermediate between those with NO and N504. In the stoi-
chiometric region, propagation with both fuels in N,04 occurred at lower

pressures than in NO. For the NO-N504 mixtures, the propagation pressure
was intermediate between those for WO and N50y. The results at the lower

Pressures are largely a function of quenching. They show, as was expected
(ref. 2), that quench:hg affects flames supported by NO more than those by

Np0O4 -

Pressure limit as -function of percent by volume of fuel. - Figure 4
shows the 1limits for the same combinations plotted as a function of per-
cent fuel by volume computed at the limiting pressure. Because of the
dissociation of No04 to NOp, the curves for mixbtures containing No0y show

a shift to lower percentages by volume of fuel at low pressures, since
the oxidant occupies more volume as pressure is reduced. This makes the
lean-1imit curve appear to be nearly vertical, especially for the mixtures
containing N,O4 alone. The stoichiometric fuel content, nevertheless, in-

creases as the.vertical line is descended. Both propane and n-pentane in
N204 tended to explode more violently than usual when ignited near the lean

limit at the higher pressures. This was the only region in any of the mix-
‘tures where strong. explosions near limiting conditions were found.

Estimation of composition limits of the fuel-NO-N5Oy mixtures. - It

was found that linear interpolation described fairly well the limits of
the ternary mixbtures with respect to the separate oxidants. The dashed
curves (fig. 4) were computed from the relestion

Ino Po + Imo, (100 - Pyo)
Imo-w,0, = 100

where

LNO-N204,’ composition limits by volume of NO-N,0,, NO, and N50y4,
respectively
Inos w0,

percent by volume of NO in oxident computed at limiting
Pressure

Pro
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The calculated limits lie outside the experimental curves. On an
over-all basis, the lean-limit curves give the best fit with a maximum
deviation of 0.6 percent. The rich-limit experimentel curves are more
lobed end show a wider deviation. The deviation is less than 2 percent,
however, except for propane at the low pressures. However, when the de-
‘viation is computed on the basis of fuel percentage, the maximum devia-
tion 1s then about 9 percent of the fuel for both the lean and the rich
limits. The n-pentane mixtures usually show smaller deviations than the
propane mixtures.

Stoichiometric effects., - The wide varlations in the behavior of the
limits (figs. 3 and 4) are largely the result of difference in stoichiom-
etry. A better comparison can be mede using the parameter:

F/(F + Fg)
where

F fuel in mixture

Fo fuel that could be completely burned by the oxidant
in the mixture

This parameter-places all possible fuel-oxidant mixtures between O and
1; that is, O containing no fuel, 1 containing no oxidant, aend 0.5 being
stoichiometric. As is shown by figure 5, the curves for all the combi-
nations are fairly similar except for the lean limits of both the hydro-
carbons with NO which are lower. The limits of n-pentane are somewhat
more fuel rich than propane, especially the rich limits. For these data,
fuel/oxidant

(fuel/oxidant)stoich

1/3 and 3 or at F/(F + Fp) values of 0.25 and 0.75. This approximation

does not apply for all fuel-oxidant combinations, however. The follow-
ing teble shows some examples:

of

the 1limits occur roughly st equivalence ratios
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Fuel-oxidant Lean Rich Source
combination
F/(F +Fy)| Fuel equiva-|F/(F +F() |Fuel equiva-
lence ratio, lence ratio,
F/0 F/0
(F/O)stoich (F/O)stoich
Propane-NO 0.19 0.23 0.72 2.6 Fig. 5 ~
n-Pentane-NO - .20 .25 .76 3.1 3
Propane-NoOy .26 .36 .73 2.6 ¥
n-Pentane-Ny0y .27 .38 .79 3.7
Propane-NO-N50y4 .27 .37 .71 2.4
n-Pentane-NO-N504 .27 .37 17 3.3
Propane-0g 0.11 0.12 0.87 6.7 Ref. 4
.10 .12 .84 5.4 Ref. 4
Propane-Air .35 .55 .72 2.6 Fig. 2
Pentane-Air .35 .55 .76 3.2 [Ref. 4
Hydrogen-0Op 0.020 0.020 0.92 11.5 Ref. 4
Hydrogen-Air T .094 .103 .88 7.0 Ref. 4

Some significant observations may be made by comparing the limit
data for the oxides of nitrogen with other atmospheres containing oxygen “
and nitrogen as shown in figure 6. The composition limits of the oxides,
extrapolated to 1 atmosphere, were recalculated to represent what they
would be if the oxides were completely decomposed to molecular oxygen
and nitrogen before propagation. The data of reference 5 for the system
propane-NoOy -alr were treated in the same manner. All these data are

plotted in figure 6 along with deata for propane in air and oxygen, and
mixtures containing air and nitrogen. The experimental limits for the
three propane -~ nitrogen oxide combinations shown are apprecigbly
narrover than the interpolated limits for the equivalent mixtures of
propane with O, and Ns.

From the practical standpoint, it may be desireble to decompose the
oxides as much as possible before trying to burn hydrocerbons in them,
particularly if fuel-rich mixtures are to be used.

Estimated flame temperstures at lean limits. - The relative stabil-
ity of NO is well-known. In terms of combustion parameters this stgbil-~
ity has been demonstrated by its low flame speeds and large quenching
diameters (ref. 2). If the combustion temperatures at the lean limits
herein are celculated assuming no dissociation of NO, some interesting
inferences can be made. The following teble shows these temperatures
" for the hydrocarbons in the oxides and also the lean-limit combustion .
tempergtures for the same hydrocarbons in air:
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Oxidant Fuel Tempersature,

%K

NO Propane 2059
n-Pentane 2078

NO-N504 (1:3 by wt)|Propane 1568
n-~-Pentane 1627

NoOy Propane 1381
n-Pentane 1501

Air (ref. 15) Propane 1656
n-Pentane 1758

For the mixtures containing N,0y, it was assumed that all excess NO, was
dissociated to NO and O, and that none of the oxygen reacting with the

fuel came from the NO. Thus, the NO behaved only as a diluent. It is
readily seen that the temperatures for the mixtures containing N504 and

NO-NpO4 are lower than those with air. Furthermore, for the same oxi-

dants, n-pentane gives higher temperatures than propane as is the case
with air. In the NO-N504 mixtures as well as in the N50, mixtures, NO

does not have to dissociate to supply oxygen to support combustion; thus
the 1limiting combustion temperatures for the N,0, and the NO-N504 mix-

tures are lower than those for NO. In the mixtures containing only NO
the limiting combustion temperatures are higher, as expected, since a
higher temperature would be required to decompose NO at a rate sufficient
to support combustion. These data support a supposition that NO in the
presence of excess oxygen behaves mostly as a diluent at the fuel-lean
flammability limit.

Supplementary Data

Appearance of flame. - Most of the reactions were strongly luminous
flames. These flames usually were gbout the same diameter as the tube.
The top portion was either hemispherical or ellipsoidal in shape and had
a trail which was pointed, that is, they looked like an inverted teardrop
ascending the tube; these will be called teardrop-shaped flames. In a
few cases the trall was absent, and these flames will be called dome
shaped. A few flames did not have a trail and were not dome shaped but
looked like dunce caps and ascended the tube with the polnt faclng up.
Thege will be referred to ss cones. Other flames filled all or a large
portion of the tube and will be called streak- or spear-shaped flames.
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The color and luminosity of the flames varied with mixture composi-
tion. Flames in NO were usually bright white with yellow showing in fuel-
lean and yellow or pink in fusl-rich mixtures. They were more bluish
near stoichiometric. The pink color mesy be an indication of CN (cyanogen)
emlssion observed in reference 2.

The flames in Ny,04 were orange in the fuel-lean and stoichiometric

regions, but the reactions were nonluminous in the more fuel-rich mix-
‘tures. These nonluminous reactions were best observed when the tube was
illuminated by external light. The reaction zone was gbout the same shape
as a dome-shaped flame and had a yellowish-green color, which contrasted
with the red color of the nitrogen dioxide. These were quite often fol-
lowed by a mist in the tube, which sometimes condensed to rivulets of
nonvolatile liquid. -

Flames in NO-NpO4 were orange for fuel lean and stoichiometric. As

the mixture became more fuel rich, nonluminous reactions occurred, but
near the fuel~rich limits, however, the flames were again luminous. Two
types of flame shapes were observed, teardrop and rapid-spear.

Modes of flame propagation. ~ The luminous flames usually propagated
in a lunging or halting manner and the apparent velocities were varisgble.
Some examples of flame-travel-against-time plots, teken from motion-
picture films, are shown in figure 7. In general, the apparent velocitles
were highest at the start and became slower as the flame ascended the
tube. This same effect has been observed in closed tubes with other com-
binations (refs. 16 and 17, e.2.). Some observations of apparent flame
speed were made in which the maximum velocity of the first flame lunge
was teken as being least affected by uncontrolled varisbles. The data
were not consistent but they suggest that (1) luminous flames travel
faster in the rich mixtures, at least for the 1:3 by weight NO-N504 blend,

and (2) the velocities decrease as the extreme rich and lean mixtures are
approached.

Whether or not pressure itself affected the flame speed is debatsable.
The data of reference 2 show a weak trend for flame velocities of hydro-
carbons to increase with pressure in NO and decresse with pressure in
NoOg. It seems likely that (1) the velocities of the rich mixtures are

higher because of higher concentrations of H radical and (2) the velouci-
tleg fall off in the extreme rich and extrems lean mixtures because of
lower flame temperatures.

These obserfations, hoﬁever, do not apply to the nonluminous reactions,
which are consliderably slower. These gseem to represent a different kind of
mechenism, : '

Flame arreosts. - As is shown by the examples in figure 7, the flames
often suddenly decrease veloclty or came to a halt during the propagation
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up the tube. In some cases, this effect was very striking; the dome of
the fleme became flat, seeming to strike an invisible wall in the tube.
Flame arrests have been observed in other mixtures in closed tubes; for
recent examples, see references 16 and 17. A compilation of the posi-
tions of the first arrest for about 40 propagations showed that they oc-
curred over a range of lengths covering the upper three-fourths of the
tube. Although not eppasrent from figure 7, most of the arrests occurred
at approximately one~third and two-thirds of the tube length and only a
few were at one-half the length. Although significance of this occur-
rence is difficult to appralse with the data availsble, the fact that
the arrests occur preferentially at certain spots in the tube may possi-
bly be associated with standing sonic waves driven by the flame. An
analysis of this is complicated because various oscillation modes are
possible and the pattern may be shifted by unequal temperature in the
tube during propagation.

Photographs by Hahnemenn, Neubert, and Ehert presented in reference
3 show that flat flame fronts such as occur during flame arrests can be
obtained in an externally driven oscillating tube. If standing sonic
waves were produced in the experiments herein, they were undetectable
by the pressure pickup at the limiting conditions. The amplitude of the
waves would therefore have to be less than gbout 5000 dynes per square
centimeter. The energy required to set up a wave of this. magnitude is
infinitesimal compared with the energy released by the flame even at
1imiting conditions. It is well-known, however, thet sound waves affect
diffusion flames, probably by triggering vortices in the flow (ref. 3,
e.g.). During flame propagation in a closed tube; there is some trans-
port of the gases, and it is conceivable that vortex triggering could
occur. Schlieren photographs of references 16 and 17 show considersgble
small-scale turbulence in the vicinity of flame arrests and there is
evidence (ref. 18) that small-scale turbulence will inhibit a flame. It
may be possible that flame arrests are caused by stending waves.

The nonluminous reactions, however, were steady and did not show
arrests. This could be due either to a different chemical mechanism or
to the fact that the nonluminous propagation was gppreciably siower and
perhaps did not offer an opportunity for the alleged vortex-triggering
mechanism.

Pressure effects resulting from flame propagation. - Rapid-response
records show that pressure rise usually coincided with the advance of
flame front. If high-frequency standing oscillations existed, they were
usually below the noise level in the recording apparatus. Flames were
usually quiet. A few noisy flames with accompanying high-frequency pres-
sure vibrations were observed but these were at pressures conslderably
gbove the limiting pressures. ’
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"Bquilibrium" pressures after propagation were measured primerily
as a secondary check on propagation. The equilibrium pressure rise caused
by a flame that had been quenched was usually decidedly less than for full
propagation. The rise was not proportional to the travel distance.

Although these measurements were not made as a primsry parameter and
may not have been made at true equilibrium with respect to either compo-
sition or ambient temperature, they do exhibit some interesting trends
and are therefore shown in figure 8. High pressure rises were often ob-
tained in an extreme fuel-rich region; this was most consistent for the
fuels burning in NO. This effect was not found in N0, but in the mixed

oxides the pressures were both high and low near the rich limit. The high
pressures seem to be the result of luminous teardrop-shaped flames. The
nonluminous flames in N50O4 end also spear-shaped flames in the mixed

oxides did not produce as high a pressure. These observations indicate

that a large quantity of gas is generated when excess hydrocerbons burn
in the teardrop-shaped flame, particularly those in NO.

Two distinct combustion reactions are shown to occur with rich hy-
drocarbon mixtures in oxides of nitrogen. Nonluminous reactions, favored
in N5O4, produce nonvolatile liquids; while strongly luminous reactlons,
favored in NO mixtures, produce gases. Further study of these reactions
and their products may be of both practical and speculative interest.

SUMMARY OF RESULTS

Flame propagation limits at subatmospheric pressures were measured
for propane end n-pentane, individuelly, in nitric oxide NO, nitrogen
tetroxide N504, and the nearly equimolar mixture of the two. Observations
were also made of the appearance of the flames and their apparent veloc-
ities and pressure effects. It was Ffound that:

1. A1l the combingtions had & region of flame propagation which could
be ignited by a 60-cycle, 25,000-~volt spark.

2. On a volume or weight basis, the limits of the hydrocarbons with
NoO4 were higher and wider than with NO.

3. The minimm pfessures gt which propagation in the 2-inch tube
would occur was less for fuel-NoO4 than fuel-NO mixtures.

4. The limits at which flames will propegate in the NO-N,0, mixtures

were Intermediate with respect to percent by volume fuel and to minimum
pressure. The volume composition limits of this mixture over a range of
subatmospheric pressures were predicted fairly well by linear
interpolation.
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5. The composition limit behavior was largely a function of stoi-
chiometry. The limite for all the combinations occurred roughly at
equivalence ratios of 1/3 eand 3. On a stoichiometric basis, NO mixtures
had the lowest lean limits.

6. Estimated flame temperatures at the lean limit were appreciably
lower for the N504 and the NO-N,04 mixtures than for the NO mixtures,

and were ebout the same as lean-limit temperatures of fuels in air.

7. The limits of the oxides in propane at 1 atmosphere are narrower
than the interpolated limits for equivalent mixtures of molecular nitro-
gen and oxygen, when the composition of the propane-oxide mixtures are
calculated assuming complete decompositions of oxides before propagation.

"8. The flames were usually strongly luminous. Nonluminous reactions,

however, occurred in the fuel-rich No04 and NO-NpO4 mixtures at low pres-

sures. In the fuel-N50, mixtures, particularly, the nonluminous reactions

produced nonvolgtile liquids. Strongly luminous- -flasmes in the fuel-rich
NO and NO-N,04 mixtures, however, produced a considersable quantity of

gas.

9. The luminous flames were characterized by varying velocities and
flame arrests. The apparent velocities were usually greater when flames
were ln the lower part of the tube. The arrests occurred preferentially
at certsin spots in the tube.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, June 23, 1955
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TABLE I. - FLAME PROPAGATION LIMITS OF HYDROCARBONS WITH NITRIC OXIDE, NQ

3ariss | Compoaition, Hixture Initial acnditions abt flawme propagation limlt ¥laoa description
psroant by foomparison
weight ter, Tezpor- | Componition, Prensurs, mm Ex
Fue fuel +| atyrs, pargent by —
Puel | HO  |fuel equlv- YO Llums Oormint- | Oormint- | Aoocpted
lalant of onb ont noo- | limd
oxidant} Fael RO D!'glln- propa- pressurs
33 o
'ye;?’ w'
Fuel, propane
1 [e8.0 | 13 0.716 o8 20.0 | 80,0 | 388 343 384 White te y B by 26 om
18.1 al.s .60 a6 15.1 88.9 108 103 104 Bright whibe ardrop
13.0 | 87.0 504 &6 9.2 | 2.8 101 90 9% . Blue-white teardrop, "5 by 25 cm
3.1 | 93,9 .180 &0 2.11| 97.88 | -— 682 -— Yellow flamo lungsed up aboubs 1/4 of tube
2 .1 71.9 0.728 a4 21.0 | 1%.0 —— [:2%:] -— ¥hite oone shot parb way u
.3 8.7 873 2t 17.1 82.9 196 180 193 Bright whibs teardrop, pink mantle; hecitatsd twlce
3 @8,7 | 4.3 Q.M =2 18.1 | 80.9 200 280 2as Pink teardrop
aR.6 | 77.4 555 -] 18.8 | 63.4 133 i3 196 Bluc-white toardrop, pink mantle) «8 by 26 om
#l.0 79.0 N1V &7 15.5 84.7 150 145 148 Hlue-whita teardrop, = 5 by 20 om
17.7 | 82.3 L3904 o6 2.8 | &1.¢ 12 117 120 Whits-blue teardrop, = 8 by 30 om
16.4 | 85.8 BT 26 11.8 | 68,2 100 91 96 B ts teardrop, -5 by 35 om
15.0 | a5.0 .11 7 10.7 | 89.3 o5 91 a3 Whits-blua teardrop, =5 by 50 om
12.9 | 87.1 .Bo2 Fo] 8.2 | 80.8 98.3 4.8 95 B te teardrop, ~5 by 30 om
10.¥ 88.1 A5 24 7.7 2.3 1 |: 1] a8 Blue-whita teardrop, hright white oorl pink trall, =8 by 57 ca
10.0 | #0.0 sl 25 7.0 | X0 | 101 % 99 Blue-white teardrop, whita trall, =& by 30
9.3 10.7 +418 - 8.8 3.8 110 0% 106 Blu..s-!bhit;o , bright whita oroun, yﬁllﬂ-vhttﬂ trall,
- 4 Im
8.8 8l.4 8128 28 8.0 94.0 107 108 108 Yhite tenrdrop, yellow-whits trail, ~ 8 by 30 am
7.2 | #2.9 1% 3] 8.0 95.0 155 125 130 Blueg tgomrdrop, yellow-white orown and trail, unsteady,
- M Om
4 27.7 | 7.3 0.743 23 20.7 | 9.3 ags 887 -— Yollow-white beardrop shot £/3 tube
2.7 | 9.3 :188 2% 15.1 | 84.9 142 140 141 Tuardrnf. hrldgtbuhégo center, b. Ellilh wantle, hesiteted at
widpolnt, = Y
7.2 | 92.8 -1 e 5.0 | 95.0 138 131 134 Yallow-whlte teardrop, = 5 by 20 om. KOg formed,
* 6.3 15.7 L3138 P .4 98.8 165 156 162 ¥hite teardrap, yellowish mantla. Delayed formmtlon of Rig.
3.2 | 98.8 .184 26 2.2 | 87.8 853 500 532 Bright white teardrop, wavering yellow trail, «B by 43 om
Mual, p-pectone
1 37.5 | 82.5 0.800 o8 £3.0 | 50,0 —— 52 -— acne went 10 om
33.0 | 87.0 . 788 24 17.0 | 83.0 -—— 580 -— Bright yeallow-white hardrop rlnhtd pu't m.y
28,1 71.9 .782 26 14.0 88.0 479 433 458 Yellow-white teardrop tT
22,8 | 77.1 884 &7 11.0 | &39.0 146 154 140 Brilliant hluo-whita egg gy 10 om 'uihh locng parrow tall,
ptoady
17.3 | aa.7 N[ 2 8.0 | 92.0 132 124 129 Simller, sxospt looger tail and hesitatsd part WAy up
13.1 | a6.9 . 600 28 5.9 |94.1 132 123 130 Similer to above, gava aodible rattiing aoumd
2.1 0.9 590 27 4.0 9€.0 148 140 1ik Bright blua-white te with yoellow stroaks
6.9 | #5.1 L350 % 3.0 | 987.0 159 158 163 Brinétb;hiwh teardrop, yelloa tip on tall, halted part way up,
-
4.7 | 95.3 4T o 2.0 | 98.0 300 288 Y Bright whita teardrop, yellow tall, =35 by 35 cn
2.4 | 97.8 2140 P4 1.0 | 99.0 — 573 _— Yellow flams wp 38 am
2 |31.4 | s0.8 0.753 24 18.0 |64.0 | &8s 530 208 Bright orange-whits teardrop grew larmar, whiter, and brighter
toward top
0.0 T0.1 JT40 25 13.1 | &4.9 535 456 510 Bright crange-white teardrop veerly extinguished part way up,
=5 by B0 om
8.8 | Tdd 698 g 18.5 | 671.5 160 166 163 Bright bluo-white teardrop, = 8 by 30 om
13.1 | 88,0 .500 5.9 [ 94.2 134 171 133 Aa above, =% by 35 om
3.6 | .4 .199 25 1.51 | 98.49 | 498 497 497.65 Very bright whits tesardrop. Condensation remaipad.

fpropagation oocourred once at this pressurs.
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TABLE IT. - FLAHE PROPAGATION LIMITS OF HYDROCANBOM3 WITH NITROOEN TETRCXIDE, Rply

Series | Nominal Mixture Initinl conditions at Iflame propagation limit Flame dssoription
mixtura GONpATiSTh - —
componition, para? ter, | Tewper- | Xquilibrium Prassure, mx Hg
parcant by Fuel ?ruu1+ ature, gomposltion,
welght fuel equiv o¢ perceant by Oonmist- | Oonsalst- | Aocepted
alent of volumo ant ant non- | limiting
Fuel | N0, |oxidant) propa- propa- Prassurs
ruel[n 0| ggtion, | saion,
H,0, |50, "yes no
Fuel, propane
1 8.1 91,9 0.313 5 10.3|21.8{87.8 26 51 od Bright orenge tsardrop, light orange trell, =6 b'gysg om, Jerky
14.5 | 85.7 488 25 16.4[10.3]|75.4 24 o5 25.5 Taint orenge teardrop, b t orange aromn, = 6 2 om
20.2 78.8 B89 25 24.0(14.8|61.1 81 38 46 Similar to. above, +«8 by om, jerky
5.4 75.2 .867 24 51.9|15.8|82.9 88 48 57 Fonluminous teardrop or doms
55.5 85.8 L7285 @8 45.3|26,7|31.0 528 277 302 ¥onlumlnous
a 8.8 83.4 0,269 23.5 10.2/460.4]41.4 334 3g8 530 t orange streak, turbulent, spotted, =~ 50 om lobg,
had baok £illing tube
4 8.7 %4.3 0.g40 28 9.5{88.7|54.0 -— 694 ——— s dome Want 5 om
8.6 5.2 .276 28 9.6|38.0|5e.% 210 184 iR7 Iunglog orange dome becaxe staady teardrop with tright
crown and light trail, =8 by 40 am
8.8 #l.4 3350 28 10.2|14.1|75.7 38 33 35 Iight orenge beardrop, bright head, dull trail, =6 Ty 30 om
10.8 | 8%.4 8-2: -] 27 12.5(11.5(78.2 35 17 28 Bright orange teardrap, vapar~like trail, =6 30 om
B 8.3 | 93%.7 0.238 28.5 10.1(64.8|55.4 - 840 -— Orange doma up about 40 om
8 14.0 | 85.0 0,459 26 15.48| 8.9(78.3 22 17 19 Orange tsardrop =5 by 28 om
17.0 85.0 517 -] 19.6(11.68/60.8 32 28 50 Derk orange dome, inaide and trail light @ a, =5 by 26 om
24.0 768.0 622 24 27.8|12,2|80.0 37 54 38 ¥eerly nonlumincus dome of teardrop, =5 by om
30.2| 69.8 ass 28 35.%3(15.5(51.1 61 6B B8 Nonlumincus, =25 om long. Fog remained,
31.2 eg.8 708 26 38.68(14.7{48.4 14 87 71 Nonluminous, *25 cm long
7 T2.4 87.8 0,714 24 39.0|17.2]|48.7 57 0 04 Nonluminous, #2353 cm long. Fog remalined.
32.6 | &87.1 .718 25 39.8]17.8]|42.6 118 100 io0e Nonluminous, "~20 om long. Fog remalned.
Fuel, n-pantane
1 4.7 | 68.3 0.751 28 28,2 |11.4[60.4 48 28 38 Nonluminous, teardrop, =5 by 15 om
2 37.2 | 62.8 0.752 28 33.2(@1.1|45.7 116 113 114 Nonluminens teardrop, * 8 by 25 om, steady provagmbicn
28.5 | 715.7 648 25 41.3]16.0(85.7 B7 26 42 Nonluminmue tesrdrop, = 5 by 25 om, ocolorlers gas romained
15.5 | &4.7 480 28 11.7(1R.9(78.4 28 a3 28 Teardrop, orange envslops, = & by 40 om
-] 348.9 61.1 0.7684 28 37.1|26.8|54.0 518 aa7 02 Younluminoue, dense fog romeined
10.7 69.3 380 28 a.1|15.8|76.,1 36 28 32 Yellow=-cr (:] ardro solorlens gas remeined
7.0 5.0 278 a8 7.2|35.8(58.0 578 451 518 Mild explosicn {no gl breakage)
4 41.7 | 383 0.785 27 40.4(50.1(28.85 489 471 485 Nonluminous, dsnas fog remained
6.8 | 83.2 271 24 7.1|69.%|35.0 -— BTO ——- Crange flame to middle of tube
5 42,05| 57.88 0.797 2 42.8(35.2|22.0 -— 846 — Sonll nonluminous sone to middle of tube
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TABLE III.

- FLAME PROPAGATION LIMITS OF HYDROCARBONS WITH NEAR EQUIMOLAR MIXTURE OF NITRIC OXIDE

AND NITROGEN TETROXIDE, NO-N2O4 (1:3 BY WEIGHT)
Sarles| Howlnal Mixture Initial conditions at flame propagrition limdt Flams desoripticon
mixture womparison
oompositlion, ﬁrﬂl ter |Temper-| Equilibrium mixture Fressure, mm Hg
parasnt by 01/?1““1'*.&’6\:1'9, sompopiticn
walght fuel aquiv-| ©g percent by volume Conpint-| Consist-| Acaapted
ent ul;' ant ent non-|Umibing
Puel|H 0, | O joccidant pr P - |pressurs
Yuel{ N 0‘ FOE X0 HEO5 53!: o-n, gation,
2 Hyen" Ljepa]
Fuel, propane
1 6.5/89.8|25.7] 0.278 0 7.6|24.7|£6.7|38.0 5.0{ 418 562 390 Bright yellow-orange dome (8 by 18 o), red
arown aod long yellow tni.tl
e.0]57.4|22.8 577 2 10,3(13.0|41.2| 34.4| 1.0 82 85 74 Dark crangs vibrating doze 9 om), light
0 oenter and 8 om treil
14.8]85.8(21.8 .487 24 1B6.0{10.1|48.1]|52.0 .8 E3 55 &9 Vibm pointed orunge dome, » 2 by 20 om
18.9|80.8|20.8 .17} 28.6 |18.B| 8.7/39.7|30.4 .B B4 72 78 Nonluminous, = B by 28 om, some fog remeined
24.2|96,8(19.2 1640 208.5 |e5.9|12.7)31.4|28.8] 1.2} 180 187 188 BErilliant wilte teardrop with blue am,
« 5 by 60 om, gome fog
2 5.8|70.0|23.5| O.=24 4.8 7.0/26.0|25.1|1568.1] 3.8 =--- 570 - Orange domo went 6? og
7.8|89.5(28.%9 .31% 24 6.2|14.4|41.4|34.8| 1.2 a9 as 87 Yellow-racge dome (3 by 10 om), narrow trail
lighter
2%,7|67.4(18.9 .852 26 25,8|15.9|350.4(208,8| 1.3| 189 176 183 'Brilﬂant white ntreak (spear-shapad)
26.0|688.4(18.8 .848 28 26.8|12.7|31.8|28.0] 1.2 04 191 1e7 Brilllant white streak
5 6.9)86.7]25.4| 0.291 28 7.7|18.9|55.0|38.5( 1.8| 180 187 173 0r|ngo teardrop with dark orange dome,
o «5 by 35 om
23.1/85.3]18.5 .662 28 86.4]14.3|27.7]24.2| 1.4 231 200 206 Brilllant white streak
26,5/ 64.8]16.4 .870 27.5 |29.0|1%.7(28.0[27.0| 1.4 244 253 258 Bright whits streak
27.5|54.3|18.2 877 a5 I0.4[18.6| 8¢.5{27.9] 1.7] 298 287 2035 |Blue-whibe streak
i 27.9|84.3(17.8 0.88p 5.6 |%0,.8(16.1(26.8|27.3] 1.6 278 287 27a BErilliant whita tsardrop, t’:ﬁ rexaloed
23.4|85.1(17.58 .657 25 353.1(17.4|R0.6|26.9] 2.0 478 449 453 Ox-a.ué a~-whilto t-aardrop trail,
» by 46 om, 1‘05 remained,
) 3 |32.7|80.7|18.€6] 0.7%0 24 35.6(16.8|17.1|26.1]| 2.4 === 656 —— Wo lgnition
Fuel, n-pentane
1 | 6.4/70.3]|a5.3[ o.2710 5.5 | 4.9|26.8/25.1]|50.1] 4.1] --- 572 ~—-  |Ragged yellow flams up L/5 of tube
2 8.8|70.0|25.1 0.288 28 5.0|22.5|52.3{37.7| 2.5 551 280 308 Bright yellow, lunging, nearly rilled tube
7.8|88.6(22.8 309 27 6.4|20.1|58.3|37.1| 2.1} als8 2056 Nl Oru.ga dome, yellow tTall, umebeady
9.2/ €8.3|22.5 L3854 £7 6.2|14.0|43.2|356.4| 1.2| 102 88 99 Ra orange cova, whits flashback
10.7|67.2]|2R.1 L3683 28 7.1|11.0]46.8) 54.3 .8 a2 59 al Flickering bright yellow dome
14.7| 84.2(21.2 .482 28 9,0110,8148 41388 N:) 86 2] a% Bounedng uniformly doll orangs dome;,
-4 by 20 om
1a.5|61.3]20.2 .552 26 12.4| 8.8|46.3[31.3] .s 52 448 50 &mo:bblby goon.rwins dull orenge dome,
- ¥ om
23.4/57.6]19.0 685 23 16.0| 8.0|44.9|50.5 .6 29 54 -1 Nonlumincus, dlamster < tube, most of W0p
repoved
5 |35.2/49.6|17.2| 0.T30 25 25.1113.08|89.7|29.91 1.4| a43% 232 az8 Brilliant blus tenrdrop, "bh tuff? acund
28 24.7111.9|32.8|23.8] 1.1| 1lE6 151 158 Steady nonlualnous spaar 9{‘5 diemater of tube
38.5147.8/18.8 . 750 26 '28.0/18.4/24.3129.80 1.8] 389 318 338 |ovesnlah Eroy-white, filled tube, white fog
rezalned
36.0|46.8118.3 781 27 29.8|17.8|21.2|29.2| 2.2 - B19 —— Honlumincus, diamster of tubs, guenched
abruptly part way up
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CP-3 hack

Liguid Np0y

woighing and
transfer bottle —

0252 NL YOVH

Flage tube,
2-in. I.D.
4B8-in. long

/L

|

Motion-ploture
camera

RO gas
(optional)

9park gap

Hapid-rasponse
?ressure lokup
optional

Insulated armored air bath —

To cathode-ray oseclllograph unit -

Figure 1. - Diagram of flame propegatiocn apparatus.
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800
780 LN £
720
[
680 dj
640
Flame propagation limits
O, Present apparatus
6§00 0’ Present apparatus; inside propagation
zone
® Present apparatus; cutside propagation
zone
O All-glass tube with enlarged ignition
580 ueotio:; and plenum chamber (refs. 1
and 19
O Closed glass tubej rubber stoppers; Ld
hot-wire ignition (ref. &)
A Closed all-glass tube of ref. 7; hot-
520 wire ignition (data previously un-
published
N Limits at 1 atm (refr. 4)
480
440
]
i
T
o
£
360
520 A
280 \
L P\
240 G \
200 =
1O
| J
160
120 v o]
<
i <
80 =
4 /mal g |k
4 A
o Senlpea
0
2 4 S 3 7 8 10 11 12

Propane, percent by volume

Figure 2. - Comparison of flame propagation apparatus using propane-air mixtures.
Tube dismeter, 2 Iinches.
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760

Ref

720

680

640

NO

oo

Ho0y

NO-K,0, (1:3 by weight)

Solid symbols denote L

nonpropagation

€00

560

520

440

3680

Pressure, m Hg

320

280

240

160

120

-\\‘O~
]

—

|t

N
P
o]

AN

e A,

a

§
NHENAEE

T

Figure 3. - Limiting flame propagation pressure as function of

8

12 16 20 24 28
Propane, percent by weight

(a) Fuel, propane.

32

percent by welght hydrocarbon in oxides of nitrogen.
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NACA TN 3520

720
680
il O No
O N0y
640 O NO-Nj0, (1:3 by welght)
Solid symbols denote
nonpropagation
600
|, I
560 I
/
520 /
A
480
/ I
- |
. l
g 100
; |
g 360 /
&
w011 l |
| | |
240 Luminous,
£ fesuns
200
\ | /
[ d Nonluminous /|
160
) T
120 o1 ,
\ A i
-5 “ /// /
\kt O, e /
I
40 X =]
O | | | ————
[+] 4 3 12 16 20 24 28 32 36 40
n-Pentane, percent by weight
(b) Fuel, n-pentane.
Pigure.s. - Concluded. Limiting flame propagation pressure as functlon of percent

by weight hydrocarbon in oxides of nitrogen.
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760

ol
3

['Ref. 5

KO

720

o
O w9,
O HO-Nj0, (1:3

by weight)

—— NO-N 0, {prediocted)

€680

I
1
1
|
Solid symbols denote l‘
nonpropagation

640

P e e e T e

520

480

8
=1

w
3

Pressure, mm Hg

S

|

280

—~lo ||
S|

240

I
"1

16? \

120 Q

[«

N N a1 ]

12 16 20 24 28 32 36 40 44

Propane, percent by volume

(a) Fuel, propane.

48

a3 °

Figure 4. - Limiting flame propagation pressure as function of percent by volume hydrocarbon

in oxides of nitrogen.

Composition is for equilibrium at limiting pressure.
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) Pressure, xm Hg

NACA TN 3520

720 i I I
; |
680 I 8 goo ,
I N <O Ng-N204 (1:3 ll
640 ! _—— NOE}yl-zg:j?p:‘e)kdioted) ,I n
T Solid symbols denote ,
| nonpropagation X
T
soo| | ; ,I
B ," /
5680 +
' II | Il
!
520
I w]
I : /
480 |
| 1 ]
40 ' /
] I
| i /
400
“C I /
360 |—fs : | /
.. ] L
‘ | |
o S /I} IiE
) > [ ¢ T /1’ ]-
- k. |
N , /
.. 1
""“240 E I.-l.minou]) ; /
L} ’ /
0 : I .
‘ | ll /, L //
/
160 a Nonluminous
/ )
o 61" /
1 )4 7
ot 7 - //
UBENEE 14
40 J\‘_E ///E- nf s
[0} 4 8 12 16 20 24 28 32 36 40 44

n-Pentane, percent by volume
(b) Fuel, n-pentane.
Flgure 4. - Concluded. Limiting flame propagation pressure as funotion of percent by

volume hydrocarbon in oxides of nitrogen. Composition is for equilibrium at
limiting pressure.
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760
720 : :
: i
T
I 1
680 -
I
]
Iy 1
640 l
CxHg-NO
( _— CxHg-N 0,
600 _ CyHg-NO-N,0, !
m-— Cely -0 s
560 b — = CgHy N0, : !
4 i —— CgH, ,~NO-N,0,
| |
520 :l; | I
| +
i i
480 I
Ml 1k
440 \ \ | N
Vol |1
,}? l\ II ll 1
1
i
§ 400 ] l ’,
N 1 :
5 BE !
o 380 1 ]
i .|
: i il
] 1
520
i I
1 T
il ik
. 280 \‘ \ ,' 1
M 33HB-N0-‘¥20‘-" :l {,' ]
240 ) I
i f
. | /
} / :l Il
117
AN Jl 0l
160 TR CH, ,-NO] T
L\ st r /1)
; ‘\\\ 5'\\_- !
120 '\ \ J03Eg-0 j/
>~ P 1
NS |
80 127 2 e +
\ \Jr\j NN ]
\ i N =
40 Oty 2N 0, e :74\ ‘//
Cyg-N0, RS |1
o .5

.2 .3 4 .6 .7 .8
Fuel/(fuel plus fuel equivalent of oxidant), B/{(F + Fy)
Flgure 5. - Over-all comparison of flame propagation limits.
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Propane
Oridlizing atwosphers
O NO-Ng04
10 80 O ¥Ny04-alr (ref. B)
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Figure 6. - Comparison of propagation limita of propane in various oxldants of oxygeun-nitrogen
system. Compcsitiona are what they would be if 2]1 oxides were decomposed Lo oxygen and
nitrogen before propagation. Original preasure, 1 atmosphere.
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(a) Several mixtures at lowest pressure for consistent propagation.

Figure 7. - Examples of flame-front travel in tube at and near propagation
limits. Mixtures, n-pentane in NO—N204.




28

NACA TN 3520

48
D
= gﬁ
44
/
Pressure, /4;
mm Hg P s
40 A
B ggg /// c
c 309 y4
D 331
E 354 D
36 F 389
pu
~c
32
. E
5 /]
828 77
£ ~ 17/ |/
3 /7’
é o / and E / _
’ / .
& /
g 20 ’
g 7 )4 /
‘a‘ ~
o
P2 16 P~ A
/S /
\// \\ ~y
12 / B /
r=4 T P
/Mlc a.rfd E//—\ /
. /A
/
///
4 L
/
o} .1 .2 .3 4 5 .6 .7 .8 .9 1.0

Time, sec

(b) Several pressures at constant composition. Fuel, 6.9 percent by weight.

Figure 7.

propagation limlits.

- Concluded. Examples of flame-front travel in tube at and near

Mixtures, n-pentane in NO-N,0,.
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